SUMMARY: We present updated empirical radio surface-brightness-to-diameter (Σ−D) relation for supernova remnants (SNRs) in our Galaxy. Our original calibration sample of Galactic SNRs with independently determined distances (Pavlović et al. 2013 , hereafter Paper I) is reconsidered and updated with data which became available in the past two years. The orthogonal fitting procedure and probabilitydensity-function-based (PDF) method are applied to the calibration sample in the log Σ − log D plane. Non-standard orthogonal regression keeps Σ − D and D − Σ relations invariant within estimated uncertainties. Our previous Monte Carlo simulations verified that the slopes of the empirical Σ − D relation should be determined by using orthogonal regression, because of its good performances for data sets with severe scatter. Updated calibration sample contains 65 shell SNRs. 6 new Galactic SNRs are added to the sample from Paper I, one is omitted and distances are changed for 10 SNRs. The slope derived here is slightly steeper (β ≈ 5.2) than Σ − D slope in Paper I (β ≈ 4.8). The PDF method relies on data points density maps which can provide more reliable calibrations that preserve more information contained in the calibration sample. We estimate distances to five new faint Galactic SNRs discovered for the first time by Canadian Galactic Plane Survey and obtained distances of 2.3, 4.0, 1.3, 2.9 and 4.7 kiloparsecs for G108.5+11.0, G128.5+2.6, G149.5+3.2, G150.8+3.8 and G160.1−1.1, respectively. The updated empirical relation is used to estimate distances of 160 shell Galactic SNRs and new results change their distance scales up to 15 per cent, compared to results from Paper I. The PDF calculation can provide even few times higher or lower values in comparison with orthogonal fit, as it uses totally different approach. However, in average, this difference is 32, 24 and 18 per cent for mode, median and mean distances.
INTRODUCTION
The reliable distance determination to Galactic supernova remnants (SNRs) is necessary for obtaining their basic parameters, such as size, age and explosion energy. It also helps us to study their evolution and to describe the production of cosmic rays (CRs). There are several methods for determination of distances to Galactic SNRs such as: from historical records of supernovae (SNe), from proper motions and radial velocities, kinematic observations, coincidences with HI, HII and molecular clouds, OB associations and pulsars, HI absorption and polarization, optical extinction, low frequency radio absorption, CO emission and from X-ray observations (Green 1984 .
However, when distance determination with above mentioned methods is not possible, the distance of a Galactic SNR is commonly estimated by using the radio surface brightness -diameter relation (Σ − D). The relation connecting the radio surface brightness at frequency ν and diameter of SNR is given as:
where A is thought to depend on properties of the SN explosion such as the SN explosion energy, the mass of the ejected matter and also on the properties of ISM such as density of the ISM, the magnetic field strength, etc, while parameter β is thought to be independent of these properties (Arbutina & Urošević 2005) . Slope β explicitly depends on spectral index α of the integrated radio emission from the remnant (defined in the sense, S ν ∝ ν −α , where S ν is the flux density at a frequency ν), as follows from theoretical work (first derived for SNRs ; Shklovskii 1960 ). This relation is applicable to shell-type SNRs but it can also be used for composite remnants if we separate surrounding shell flux and flux originating from the central regions (Case and Bhattacharya 1998) .
Despite all the criticism of the Σ − D relation (see for example Green 1984 Green , 2004 , it remains an important tool in estimating distances to SNRs in cases where other methods are not applicable at all.
Calibration is done by linearizing the above Eq. (1) and applying some of the standard fitting techniques. Parameters A and β are then obtained by fitting the data for a sample of SNRs of known distances (usually called calibrators). After calibration, the relation can be used to determine distance to a particular SNR by measuring its flux density and angular diameter. In our previous paper (Pavlović et al. 2013 , hereafter Paper I), we showed that applying of some non-standard fitting procedures, instead of (standard) vertical regression, can result in different parameters of the Σ − D relation for shell SNRs. We also emphasized very important consequence of our analysis: orthogonal offsets are more reliable and stable over other types of offsets.
Following our approach from Paper I, we present here updated empirical radio Σ − D relation for Galactic SNRs. New relation is now based on the extended and updated calibration sample, containing 65 Galactic SNRs: 6 new SNRs were added, one is omitted from previous calibration sample and distance was changed for 10 remnants in accordance with the new observations.
ANALYSIS AND RESULTS

The updated calibration sample and corresponding Σ − D relation
Updated Galactic sample of 65 shell Galactic SNRs with direct distance estimates, which is used to derive new Σ − D relation, is in Table 1 . The frequency of 1 GHz for surface brightness Σ is chosen because flux density measurements at frequencies, presented, both above and below this value are usually available. Usually, flux density at 1 GHz is not a measured value, but is derived from the observed radio spectrum of the SNR, following the dependence S ν ∝ ν −α . Similar to Paper I, our Galactic sample also includes five composite SNRs for which it was possible to separate the shell flux density from the pulsar wind nebula (PWN) flux density or they simply have a pure shell structure in radio domain. These SNRs are: G11.2−0.3, G93.3+6.9 (DA 530), G189.1+3.0 (IC 443), G338.3−0.0 and G344.7−0.1. Leahy et al. 2014 ; (4) Our main source of information is Green's updated catalog of Galactic SNRs (2014 May version; Green 2014) and Gilles Ferrand's database of Galactic SNRs 1 (Ferrand and Safi-Harb 2012) . We have additionally searched the literature which provide accurate distances to Galactic shell SNRs that are not included in above catalogues.
The Galactic sample of calibrators in Paper I contained 60 shell SNRs with direct distance estimates. We have searched the literature to find recent and accurate distances to as many SNRs as available. Here presented sample contains SNRs with revised distances to 10 objects from Paper I sample. SNRs with new distance estimates are listed in Table 2. G309.8+0.0 has been removed from the list of calibrators as we find that its distance questionable. Up to now, the main reference was Case and Bhattacharya (1998) who proposed the distance of 3.6 kpc. Actually, these authors cited Huang and Thaddeus (1985) who further mentioned Caswell et al. (1980) as the main reference for this distance. Caswell et al. (1980) only concluded that HI interferometry should permit a distance determination and they proposed to make this measurement when the improvements to the Parkes interferometer are completed.
We have also added the following 6 new SNRs to the original Paper I sample: G18.1−0.1, G35.6−0.4, G152.4−2.1, G190.9−2.2, G296.7−0.9 and G308.4−1.4. Foster et al. (2013) reported on the discovery of two Galactic SNRs designated G152.4−2.1 and G190.9−2.2, using Canadian Galactic Plane Survey (CGPS) data. They introduce these two extended faint discrete objects discovered in the CGPS and show evidence (mainly through their radio spectral and polarization properties) that classifies them as SNRs. Foster et al. (2013) determined systemic local standard of rest (LSR) velocities for both SNRs along their lines-of-sight using HI and 12 CO(J = 1 → 0) line data. They obtained distances of 1.1 ± 0.1 kpc and 1.0 ± 0.3 kpc for G152.42.1 and G190.92.2 respectively.
Two recent studies provided distance estimate to Galactic SNR G18.1−0.1 and thus we include this remnant among calibrators. Paron et al. (2013) suggested that SNR G18.1−0.1 is located, along the plane of the sky, close to several HII regions (infrared dust bubbles N21 and N22, and the HII regions G018.149−00.283 and G18.197−00.181). They suggest that all of these objects belong to the same complex at a distance of about 4 kpc. However, we adopt 5.6 kpc as distance to this SNR following the conclusions from more recent paper by . Later, authors analysed radio and X-ray observations of G18.1−0.1 and the overlapping and surrounding HII regions. The HI spectrum of SNR G18.1−0.1 shows absorption up to 100 km s −1 but not beyond, yielding a distance of 5.6 kpc. References. Prinz and Becker (2013) presented the detailed study of the SNR G296.7−0.9 in the 0.2−12 keV X-ray band, using data from XMM-Newton. Using the deduced spectral parameters from the nonequilibrium ionization (NEI) fit, they derived basic properties of the remnant, such as distance d, postshock hydrogen density n H , swept-up mass M , the age of the remnant t, the radius in pc R s , and the shock velocity υ s . Their analysis indicates the SNR with age between 5800 to 7600 years and a distance of 9.8
Extended radio source in the Galactic plane, G35.6−0.4, was reidentified as a SNR by Green (2009) from radio and infrared survey observations. Zhu et al. (2013) found a plausible distance of 3.6 ± 0.4 kpc using HI, 13 CO emission, and HI absorption spectra. With this distance, the average age of SNR G35.6−0.4 would be about 2300 yr and it implies that SNR G35.6−0.4 is in an early evolutionary stage.
Prinz and Becker (2012) presented a detailed X-ray and radio wavelength study of G308.4−1.4, a candidate SNR in the ROSAT All Sky Survey and the MOST SNR catalog, to identify it as a SNR. The SNR candidate and its central sources were studied using observations from the Chandra X-ray Observatory, Swift, the Australian Telescope Compact Array (ATCA) at 1.4 and 2.5 GHz and WISE infrared observation at 24 µm. Their analysis revealed that the object is at a distance of 9.8 +0.9 −0.7 kpc and that the progenitor star exploded 5000 to 7500 years ago. Also, De Horta et al. (2013) SNR G43.3−0.2 (W49B) has already been in our previous calibration sample with distance of 10 kpc. confirmed this distance using recent radio and infrared data. These authors obtained a kinematic distance of ∼10 kpc for W49B and suggest that the SNR is likely associated with the CO cloud.
After applying non-weighted orthogonal regression on the sample containing 65 calibrators from Table 1 , we obtained the relation:
where asymmetric error interval for parameter A corresponds to ∆ log A = 1.83 (log A = −13.16). The new relation is slightly steeper than the one obtained in Paper I (β = 4.8). For shell SNRs calculated distances derived from updated Σ − D relation are shown in Table 3 . In total, 225 Galactic SNRs are shown: 65 SNRs from our calibration sample (just for comparison) and 160 SNRs without available distance estimates. In order to obtain an estimate of the accuracy of the obtained Σ − D relation for individual SNR distances, we define fractional errors as:
where d I is the independently determined distance to an SNR and d Σ is the distance derived from our relation. Also, this is an indicator of the applicability of our relation for distance determination. The average fractional error for updated sample isf = 0.52 (comparable tof = 0.47 in Paper I andf = 0.41 obtained by Case and Bhattacharya (1998) for the significantly smaller calibration sample).
2.2.
Σ − D calibration using PDF-based method Calibration of the Σ − D relation can also be done without using orthogonal fitting nor any other standard fitting procedure. Instead, as pointed out by Vukotić et al. (2014) , random resampling can be used to obtain the probability density function (PDF) of calibration data points in the fitting plane. Therefore, the resulting PDF is used to estimate distance-related properties. Vukotić et al. (2014) showed that PDF-based method for calibration can provide more accurate and more reliable calculations than those obtained by standard linear fitting procedures. Detailed description of algorithm for the calculation of data points density distribution is given in Vukotić et al. (2014) .
In our analysis, 10 6 random resamplings have been done and we mapped resulting samples on the 10 2 × 10 2 lattice spanning the coordinates range shown in Fig. 2 . After applying the algorithm from Vukotić et al. (2014) , the resulting data sample PDF is obtained in the form of a 2D matrix that can be used as the pattern for distance determination (Fig.  2) . Thus, this PDF matrix contains more information about the calibration sample than just the line of the best fit. In order to obtain a single value for the distance to a particular SNR, we get a value of the diameter D from the corresponding PDF distribution of D at the particular fixed value of log Σ. This PDF distribution of D for fixed value of log Σ actually represents 1-dimensional "slice" from 2-dimensional PDF matrix obtained for the entire data sample.
In Table 3 we present distances to 225 Galactic SNRs inferred from PDF calibration, in form of three basic statistical properties of these distributions: median, mode and mean. The median represents the distance corresponding to diameter D with equal probability that the value of D is situated in higher or lower values than median and it changes very slowly with data fluctuations. The mode represents the value which corresponds to diameter D having the highest probability and it is representative in cases where this mode peak dominates the entire distribution. The mean distance can be useful in estimating error, although it is more sensitive to fluctuations in data than median value (Vukotić et al. 2014). Gerbrandt et al. (2014) presented the results of a systematic search of the Canadian Galactic Plane Survey (CGPS) for faint, extended nonthermal structures that are likely shells of uncatalogued Galactic SNRs. They discovered five new objects which are strong candidates for new SNRs. These five objects are designated by their Galactic coordinate names G108.5+11.0, G128.5+2.6, G149.5+3.2, G150.8+3.8 and G160.1−1.1. CGPS 1420 MHz polarization data and 4.8 GHz polarization data also provide evidence that these objects are newly discovered SNRs. Gerbrandt et al. (2014) estimated flux densities at 4.8 GHz, 2.7 GHz, 1420 MHz, 408 MHz, and 327 MHz for each object except G108.5+11.0, for which only three frequency measurements were available: 4.85 GHz, 1420 MHz, and 408 MHz. They also provide flux densities at 1 GHz, deduced by fitting a power-law S ν ∝ ν −α to the frequency spectrum. We then applied our updated empirical Galactic Σ − D relation as well as PDF-based calibration to obtain the diameters and hance distance estimates for these five objects. Flux densities at 1 GHz, angular dimensions and obtained distances are given in Table  3 . We also give the PDF of the diameter variable at the fixed value of log Σ (respectively -22.3601, -22.3461, -22.4895, -22.0807, -22.0749) for these five very low surface brightness objects (Fig. 3) . As noted by Vukotić et al. (2014) , in case when the distance estimates for mode, mean and median are close together, then mode value should be used as the most probable one. In other cases, where difference is significant, an inspection of PDF may be required, either from a data sample PDF (Fig. 3) , or directly from 2D matrix of PDF presented in form of graph (Fig. 2) . We adopted mode distances for these five new SNRs because all three estimators (mode, median and mean) were within the range of the highest peak (Fig. 3) . As can be seen from Fig. 3 , PDF distributions for SNRs G108.5+11.0, G128.5+2.6 and G149.5+3.2 have two dominant peaks of approximately the same probability, so we adopt two distance estimates for them (last column values in brackets correspond to lower peaks).
Distances to five newly detected Galactic SNRs
The results presented in Table 3 leads to a conclusion that PDF-based method gives lower diameters than the values estimated from the best fit line (orthogonal fit) and therefore gives lower distances for a given angular diameter of the object. The explanation for this can be a denser populated calibrator data point region at log Σ ≈ −22 which is situated to the left of the orthogonally fitted line, towards the lower diameters.
These values are obtained using the calibrators from Table 1 , however give a significantly different results than by using the orthogonal fitting. The average fractional errors (defined by Eq. (3)) for PDF calibration are 0.35, 0.43 and 0.39 for mode, median and mean distances respectively, and they are notably lower than that in orthogonal fitting (f = 0.52). Thus, the PDF method ensures greater consistency and more accurate calibrations. G150.8+3.8 Fig. 3 . PDF of the diameter variable at the fixed value of log Σ from the data sample. PDFs are given respectively from G108.5+11.0 (top left) until G160.1−1.1 (bottom left). The first three SNRs have two peaks of similar probability, so we put lower peak values in brackets in the last column of Table 3 . Mode, median and mean are presented with dashed, dashdotted and dotted lines, respectively. The PDF function is such that 
DISCUSSION
The Σ − D relation is an important tool in estimating distances to Galactic SNRs in cases where other distance measurements are not applicable. However, we acknowledge its theoretical and statistical inconsistencies. Also, caution is necessary as uncertainties of distance estimates could be higher than 50 % for values obtained using orthogonal fitting and at least 35 % for PDF-based distance calculation.
The catalog of known Galactic SNRs has grown since our Paper I, from 274 to 294 SNRs. The total number of SNRs with known distances (calibrators) has increased and our Galactic sample now contains 65 shell remnants, which is used to derive new empirical Σ − D relation. Our improved sample contains revised distances to 10 SNRs from previous sample and we have also added 6 new SNRs to the previous sample. One calibrator is omitted from previous calibration sample. In addition, we also provide a PDF-based calibration for the updated sample.
Our obtained slope (β = 5.2) is slightly steeper than our slope in Paper I (β = 4.8), but it stays within the statistical errors. These two Σ − D lines intersect in point close to D ≈ 7.9 pc and Σ ≈ 1.6 × 10 −17 Wm −2 Hz −1 sr −1 and therefore updated relation gives lower distances than those in Paper I for SNRs with surface brightness Σ < 1.6 × 10
Wm −2 Hz −1 sr −1 (almost all Galactic SNRs, exception among calibrators is Cassiopeia A). This difference increases linearly with decreasing radio surface brightness. Results obtained with updated relation can change the distance scale for Galactic SNRs up to about 15 per cent, in comparison with Paper I. Obtained slope is still far from the trivial one (β = 2.0, Urošević 2002 Urošević , 2003 , and it agrees with theoretical predictions for the Sedov phase of SNR evolution (Sedov subphases should have β slopes from 2 to 5.75, Paper I).
Significant number of selection effects impose different limitations on statistical studies of Galactic SNRs (e.g., Green 1991; Urošević et al. , 2010 . The identification of Galactic SNRs is always accompanied by the difficulty in identifying (1) faint SNRs and (2) small angular size SNRs. The surface-brightness limit affects the completeness of all surveys of Galactic SNRs and the flux densities of many SNRs are poorly determined. Furthermore, Urošević et al. (2010) concluded that the sensitivity selection effect does not have a major impact on the Σ − D slope for the sample of SNRs from starburst galaxy M82. Additionally, Malmquist bias is present in the Galactic samples, making them incomplete. This is a volume selection effect that favors bright objects because they are sampled from a larger spatial volume in any flux-limited surveys and therefore, it acts against low surface-brightness remnants. Only an extragalactic set of SNRs does not suffer from Malmquist bias which is distance dependent selection effect.
It has been generally accepted that no single Σ − D relation can be constructed for entire known sample of Galactic SNRs (Arbutina and Urošević 2005) . Our current calibration sample contains 65 SNRs in total, which probably have different explosion energies, evolve in different ambient density, and may be in different phases of SNR evolution. Consequently, any single linear Σ − D relation represents only an averaged evolutionary track for Galactic SNRs. Nevertheless, we argue that orthogonal fitting instead of ordinary least-squares regression (vertical fitting) represents a significant step forward and improves the statistical analysis of the Σ−D relation. PDF calibration, however, represents another improvement of the statistical approach to Σ − D relation. It is undoubtedly more reliable method than just a single fitting calibration (orthogonal fitting in our case), as it gets a firmer hold on very important SNRs complex evolutionary features. It should be also emphasised the importance of local PDF features in statistical distance calibrations that are averaged out in the case of orthogonal fitting. PDFbased statistics is one of the few approaches that can probably deal with different classes of SNRs which is essential for gaining better understanding of SNR evolution.
Nevertheless, orthogonal fitting stays an important method. Having best fitting line parameters, one can simply calculate the distance to an SNRs without using specialized bootstrap code which constructs the PDF distribution for a given sample of calibrators. Also, obtained slope of the empirical Σ − D relation, may have important consequences for the theoretical modeling of SNR evolution.
For a proper Σ−D analysis, the L−D correlation should be also tested to allow a possible dependence of luminosity on the diameter as L ν = CD δ , where C is constant, following from the luminositysurface-brightness relation et al. 2004 ). However, our Monte Carlo simulations in Paper I have revealed that the L − D relation is very sensitive to scatter in the data. Therefore, it is not possible to obtain the L − D relation for our sample as it is subject to severe scatter and obtained slopes does not have physical meaning.
SUMMARY
We present a re-analysis of the empirical Galactic Σ−D relation for Galactic SNRs. Empirical Σ − D relation is strongly dependent not only on regression type due to severe data scatter, but also on the calibration sample containing SNRs with independently determined distances. Following the main conclusion from Paper I, that the orthogonal regression is the most accurate slope predictor in data sets with severe scatter, we derive updated relation only by using orthogonal regression. We have not analyzed possible dependence of radio luminosity on the linear diameter (L−D relation) because this relation is even more sensitive to severe data scatter.
We applied our updated empirical relation to estimate distances to 160 shell-like remnants with unknown distances (Table 5 contains 225 SNRs in total, calibrators are also included). We also give distances inferred from PDF calibration, in the form of three basic statistical properties of these distributions: median, mode and mean.
We have also applied our relation for estimating distances to five new faint SNRs, discovered with CGPS. PDF-based calculation gives the following results for these SNRs: 2.3 or 1.3 kpc for G108.5+11.0, 4.0 or 2.3 kpc for G128.5+2.6, 1.3 or 2.2 kpc for G149.5+3.2 kpc, 2.9 kpc G150.8+3.8 and 4.7 kpc for G160.1−1.1. Two distance estimates for each of SNRs G108.5+11.0, G128.5+2.6 and G149.5+3.2 have approximately the same probability but nevertheless, we suggest using mode values 2.3, 4.0 and 1.3 kiloparsecs corresponding to the most dominant peak in PDF distribution. For SNRs G150.8+3.8 and G160.1−1.1 the most probable value (mode) can be used with high confidence.
Although we applied two different methods for distance determination, we expect results obtained by using PDF-based statistics to be more accurate and more reliable. Nevertheless, PDF-based estimates should also be used with caution (as well as those obtained with orthogonal fitting) because uncertainties could be as large as about 35-40 % (Vukotić et al. 2014) .
Taking into account a typical evolution timescale (10 5 yr) of SNRs and an event rate of two supernovae per century in the Galaxy (Dragicevich et al. 1999) , 2000 SNRs are expected in our Galaxy. Thus, there are still many "missing" Galactic SNRs, due to difficulties in identifying low surface brightness objects as well as due to non-conspicuous unresolved "point"-like appearance of very distant SNRs. In the future, high resolution and sensitivity largescale radio, X−ray and γ−ray surveys of our Galaxy would be crucial in the detection of never-before-seen faint SNRs.
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